Study design: A biomechanical analysis of lifting through¯exed and extended elbows in C5 and C6 quadriplegics. Objective: To determine the mechanisms used by C5 and C6 quadriplegics to prevent elbow collapse when bearing weight through¯exed upper limbs. Setting: A biomechanics laboratory. Methods: Six motor complete C5 and C6 quadriplegic subjects with paralysis of their triceps brachii muscles were recruited. A three dimensional kinematic and kinetic analysis of the upper limbs was performed whilst subjects attempted to lift their body weight through their upper limbs under four dierent conditions. In one condition subjects lifted with their hands placed at the same height as the seat upon which they were sitting, whilst in the other three conditions subjects lifted with their hands placed on blocks of various heights. The four dierent conditions required subjects to bear weight through their upper limbs with their elbows initially¯exed between 15 and 408. Main outcome measures: Angular displacements and corresponding moments about the shoulder, elbow and wrist joints. In addition, EMG data were collected from the upper pectoralis, anterior deltoid and biceps brachii muscles during all lifts and expressed as a percentage of maximal isometric voluntary contractions. Results: As block height and initial elbow¯exion increased, subjects lifted progressively less weight. However, even under the high block conditions when subjects' elbows were initiallȳ exed up to 408, subjects lifted a mean+SD of 43%+20.4 of their seated body weight with one subject lifting 76% of his seated body weight. Subjects lifted by generating shoulder and wrist¯exor moments. Conclusion: Quadriplegics with paralyzed triceps brachii muscles can bear moderate and sometimes substantial weight through¯exed elbows. This is largely achieved by the generation of shoulder¯exor moments.
Introduction
C5 and C6 quadriplegics have paralysis of their trunk and lower limb muscles and consequently must rely on their upper limbs to prop, lift and move their bodies in order to transfer and perform an array of other gross motor tasks necessary for daily living. For this reason their ability to bear weight and/or lift their bodies using their upper limbs is fundamental to their ongoing independence and mobility. However, such a simple task as bearing weight through the upper limbs (ie, performing a weight relief maneuver) is dicult for these patients due to the paralysis of major upper limb muscles, particularly the triceps brachii muscle.
It is widely believed that, in the absence of innervated triceps brachii muscles, complete C5 and C6 quadriplegics can only support their body weight through their upper limbs by locking their elbows into a fully extended position. 1 ± 3 It has been assumed that full elbow extension prevents the elbows from collapsing by ensuring that the weight force vector passes posterior to the elbow, thus tending to extend it. 4 However careful observation reveals that C5 and C6 quadriplegics often prop and support at least some of their body weight through¯exed elbows. This is particularly evident when these patients attempt to lift or support their bodies with their hands placed higher than the seat upon which they are seated. Such a hand position requires these patients to commence and sometimes complete weight bearing with their elbows exed. The ability of C5 and C6 quadriplegics to bear weight through¯exed elbows has recently been veri®ed kinematically, and EMG studies indicate that the upper pectoralis and the anterior deltoid muscles are active during equivalent weight bearing tasks. 5 ± 7 These muscles can extend the elbow in the absence of innervated triceps brachii muscles by appropriately rotating the proximal end of the upper arm in relation to the lower arm when the hand is ®xed.
The precise mechanisms that enable C5 and C6 quadriplegics to bear weight through¯exed elbows has not yet been elucidated. Therefore the aim of this study is to determine the mechanisms used by C5 and C6 quadriplegics to bear weight through their upper limbs from various initial positions of elbow¯exion. In order to manipulate elbow angle, subjects were required to lift their weight with their hands placed on dierent sized blocks. The blocks necessitated that subjects commence lifting with the elbows in varying degrees of¯exion. Consequently, shoulder position was also manipulated by the blocks.
Methods
Five motor complete C6 quadriplegics and one motor complete C5 quadriplegic (ie, with A and B impairment scores according to the American Spinal Injuries Association's standards for neurological classification) 8 were selected for inclusion in this study. Subjects were male and of mean+SD age, weight and height of 34+5.3 years, 74+17.7 kg and 177+8.2 cm, respectively. Subjects had sustained their injuries 9+6.8 years prior to testing. Subjects had either no muscle activity or only¯ickers of activity (grade 1/5) in their triceps brachii and wrist¯exor muscles. The strength of subjects' shoulder adductor, exor and extensor muscles varied between grade 2/5 and 4/5. All subjects had grade 4/5 or 5/5 in their elbow¯exor muscles. The strength of subjects' wrist extensor muscles varied between 1/5 and 5/5. All subjects had mild to moderate spasticity aecting the paralyzed muscles. Informed consent was obtained from each subject and the project was approved by the University of Sydney's Human Ethics Committee.
Subjects were required to sit on a wooden box (5006250 mm) positioned on the¯oor and instrumented with four load cells (ADM Systems, Pty. Ltd., Seaford, Vic, Australia). The box was positioned between and level with two force platforms (OR6-5-1000, Advanced Mechanical Technology, Inc., Watertown, MA, USA) mounted on the¯oor. Subjects placed their hands on the force platforms to lift. The force platforms measured the x, y and z components of the forces and moments under each hand, whilst the seat measured the vertical ground reaction force under the buttocks. All force data (ie, from the instrumented seat and from the two force platforms) were ampli®ed and collected by a personal computer using commercial software (BEDAS-2; Advanced Mechanical Technology Inc., Watertown, MA, USA) at a sampling frequency of 120 Hz.
The testing protocol required subjects to lift six times under four dierent conditions, namely with their hands positioned directly on the two force platforms and on three pairs of blocks of varying heights positioned on the force platforms (low block condition=45 mm; medium block condition=90 mm; high block condition=135 mm). The order of testing was randomized. Exact hand position and speed of movement were not standardized, although subjects were instructed to lift as high as possible and hold the lift for approximately 2 s. Prior to all testing subjects were given an opportunity to practise and familiarize themselves with the testing procedures. Eight seconds of data were collected for each lift and subjects were given approximately 5 min rest between each set of six lifts in order to minimize fatigue.
Twenty-four re¯ective markers were placed over the upper limbs, head and trunk of subjects. Marker triads were located in the middle third of the following segments: lower arm, upper arm, sacrum and head (total of 18 markers). Additional markers were placed over each scapula, the spinous process of the 7th cervical vertebrae (CV7), the 4th and 12th thoracic vertebrae (TV4, TV12), and over the sternum. In order to prevent error due to skin movement relative to the underlying bone, markers were not placed directly over joints. 9 Instead, the position of the shoulder, elbow and wrist joints were determined with the use of transform coordination matrices that de®ned the location of the joint centers in relation to adjoining marker triads.
Lifts were ®lmed at 60 Hz using six synchronized, COHU high performance video cameras (Motion Analysis Corporation, Santa Rosa, CA, USA). Amass software (Adtech, Adelphi, MD, USA) was then used to generate three dimensional spatial coordinates for the centroid of each marker. These data were subsequently used to derive three-dimensional angular displacements of the shoulder, elbow and wrist joints. Speci®cally, joint rotations were computed about the anatomical axes of¯exion and extension at each of these joints, as well as adduction and abduction about the shoulder. Video data collected in a standardized resting posture at the commencement of each testing session were used to de®ne the neutral positions of the shoulder, elbow and wrist according to the guidelines set out by the American Academy of Orthopedic Surgery. 10 Zero degrees shoulder¯exion and abduction indicated that the upper arm was parallel to the CV7-TV4 segment, and 08 elbow¯exion indicated that the elbow was fully extended. Zero degrees wrist extension indicated that the hand was parallel to the lower arm.
The kinematic and force data were later merged and standard inverse dynamics were used to derive the moments acting about the shoulder, elbow and wrist joints. Joint moments were expressed as internal muscle moments and were normalized to each subject's body weight. Kinematic and kinetic data were time-normalized across the upward phase of the lift. The beginning of the upward phase of the lift was identi®ed by the ®rst detectable decrease in the vertical force under the subject's buttocks, and the end was identi®ed by the point at which this force was least.
An additional 0.5 s of data both before and after the lift per se were also included for analysis.
For each variable, ensemble averages of each subject's three most successful trials were calculated from the normalized data linearly interpolated to every 1% interval. Subjects' averaged data were then pooled to obtain the group average and standard error (SE).
In addition, throughout testing surface EMG was collected from the upper pectoralis, anterior deltoid and biceps brachii muscles. EMG signals were collected at 2 kHz and initially ampli®ed by isolated preampli®ers (model NT464, Neomedix Systems, NSW, Australia) before further ampli®cation (model NT810, Neomedix Systems, NSW, Australia). At this point all data were band-passed ®ltered between 50 and 500 Hz using a digital 8th order Butterworth ®lter. The signal was then sampled by a 16-bit analog to digital converter and collected onto a personal computer. Subsequently the EMG signal was full-wave recti®ed, smoothed (with a 0.1 s running average), sampled at 20 Hz and expressed as a percentage of the peak processed EMG signal obtained during maximal isometric contractions of the relevant muscles. The median (and semi-interquartile range) and peak EMG of the upward phase of the lift were then determined.
Results
The kinematics and kinetics of the upper limbs were largely symmetrical and therefore, for simplicity, only the results of the right upper limb will be presented. The higher blocks positioned subjects' elbows in morē exion and their shoulders in more extension and abduction at the commencement of the lift, though there was little dierence in initial elbow angle between the no block and low block conditions and between medium and high block conditions (see Table 1 ). Subjects lifted a mean of 97% to 98% of their seated weight during the no and low block conditions. During lifts from the medium and high blocks subjects lifted a mean of 59% and 43% of their seated body weight (see Table 2 for details), respectively. One particularly heavy C6 subject (total body mass=103 kg) lifted between 70% and 88% of his seated body weight for all conditions and two other subjects lifted 46% and 54% of their seated body weight under the high block conditions. The vertical forces under subjects' hands mirrored these results, though not perfectly, as subjects probably varied the amount of weight born through their heels during lifts. Median (semi-interquartile range) duration of the upward phase of the lift for the no, low, medium and high block conditions were 0.7 s (0.4 ± 1.7), 1.4 s (0.8 ± 2.3), 1.8 s (1.3 ± 2.6) and 1.6 s (1.0 ± 2.6), respectively.
Under all conditions, subjects tended to¯ex their shoulders and extend their elbows (see Table 1 ). However, whilst they attained near full elbow extension during lifts under the no and low block conditions, they were 22+10.1 and 34+9.78 short of full elbow extension during lifts under the medium and high block conditions, respectively. The wrist joint exed between 12 and 168 from an extended position during all lifting conditions, though the wrist was initially more extended during the higher block conditions (see Table 1 ).
Increases in vertical forces under the hands were associated with increases in shoulder, elbow and wrist exor moments (see Figure 1 ), in all four lifting conditions. Larger shoulder¯exor moments were required to generate the same vertical forces under the hands for the higher block conditions. Nearly identical wrist and elbow¯exor moments were generated during all lifting conditions after taking into account the dierences in the weight lifted between conditions. Shoulder adductor moments increased during lifts under the no and low block conditions. However, these moments were substantially less using the medium blocks and almost non existent during lifts from the high blocks (see Figure  1) . Lifting conditions did not signi®cantly aect mean or peak EMG activity in the upper pectoralis, anterior deltoid and biceps brachii muscles (P50.05; see Figures 1 and 2 ). Median mean EMG activity in the upper pectoralis and anterior deltoid muscles ranged between 41% and 64% MVC, and median peak EMG activity ranged between 76% and 99% MVC, respectively. Median mean EMG activity in the biceps brachii muscles was less than 2% MVC in all lifting conditions. In all three muscle groups EMG peaked towards the end of the lift when shoulder exor and adductor and elbow¯exor moments were greatest. Figure 1 Mean+SE shoulder¯exor moments (a), shoulder adductor moments (b), elbow¯exor moments (c) and wrist¯exor muscle moments (d) versus seated body weight for the four dierent lifting conditions. All data is normalized for lifting time and expressed as internal muscle moments in relation to body mass (N.m.kg 71 ). The error bars have been omitted from graphs (a), (c) and (d) for clarity Discussion C5 and C6 quadriplegics have paralysis of their triceps brachii muscles. These muscles are generally considered to be primarily responsible for controlling and extending the elbow. 11, 12 However, this study shows that despite paralysis of the triceps brachii muscles, C5 and C6 quadriplegics are capable of stabilizing their elbows in a¯exed position and bearing at least some and sometimes substantial weight through their upper limbs. This ®nding is contrary to the common belief that C5 and C6 quadriplegics are dependent on locking their elbows into a fully extended position in order to stabilise their elbows and prevent them from collapsing when bearing weight through the upper limbs. 1 ± 3 This study is the ®rst to provide an integrated kinematic, kinetic and EMG analysis of this skill.
The results indicate C5 and C6 quadriplegics bear weight through¯exed elbows by generating quite large shoulder and to a lesser extent wrist¯exor moments. Shoulder¯exor and wrist¯exor moments, can extend or stabilize the elbow by their rotatory action on the proximal end of the upper arm and distal end of the lower arm, respectively. An analogous situation has been observed in the lower limbs of patients unable to generate knee extensor moments. 13 These patients use hip and ankle extensor moments to extend the knee whilst bearing weight through a ®xed foot.
The EMG results indicate that the shoulder¯exor moments were generated primarily by active contraction of the anterior deltoid muscle and/or the upper pectoralis muscles ± both powerful shoulder¯exor muscles.
14 The importance of these two muscle groups for extending the elbow in quadriplegics with paralyzed triceps brachii muscles has been veri®ed in other recent EMG studies. 6, 7 In contrast, wrist¯exor moments must have originated from the passive stretch of soft tissue structures spanning the¯exor aspect of the wrist, as all subjects had paralysis of wrist and ®nger¯exor muscles and were therefore unable to actively contract these muscles in order to generate wrist¯exor moments.
Even though subjects' elbows tended to extend during lifting, subjects generated elbow¯exor moments under all lifting conditions. Any tendency for the elbow to¯ex due to elbow¯exor moments must have been counteracted by the tendency for the elbow to extend under the in¯uence of shoulder and wrist exor moments and at times shoulder adductor moments. There was little mean EMG activity in the biceps brachii muscle. Possibly therefore, a large component of the elbow¯exor moments originated from the stretch of soft tissue structures spanning thē exor aspect of the elbow, rather than active contraction of the biceps brachii muscle. The stretch in these structures would have increased as the elbow extended.
Subjects generated smaller shoulder adductor moments as block height and consequently initial elbow¯exion increased. Possibly the position of the shoulder associated with the higher blocks placed the upper pectoralis muscles and other shoulder adductor muscles in a lengthened position and thereby made it biomechanically dicult for these muscles to generate shoulder adductor moments despite high levels of activation. However, it is unlikely that this factor alone accounted for such a dramatic decrease in the shoulder adductor moments with the higher blocks. A more likely explanation is that under the high block conditions shoulder adductor moments could not eectively reduce the load on the seat due to the extended position of the shoulder, and therefore the subject elected not to generate such moments. Instead the upper pectoralis muscles were recruited to¯ex the shoulder. Figure 2 Median (and semi-interquartile range) mean EMG (expressed as % MVC) for the sternal head of the pectoralis major (pecs), anterior deltoid (delt), and biceps brachii (biceps) muscles for lifts under the no block, low block, medium and high block conditions Figure 3 Median (and semi-interquartile range) peak EMG (expressed as % MVC) for the sternal head of the pectoralis major (pecs), anterior deltoid (delt), and biceps brachii (biceps) muscles for lifts under the no block, low block, medium and high block conditions It is therefore apparent from this study that C5 and C6 quadriplegics can stabilize a¯exed elbow and bear weight through their upper limbs despite paralysis of their triceps brachii muscles. This is primarily achieved by the generation of shoulder¯exor moments and to a lesser extent wrist¯exor moments.
